With a view to developing sensitizers for applications in photodynamic therapy (PDT), a series of quinaldine based squaraine dyes have been synthesized and the role of electronic factors in the dye formation have been investigated through absorption spectroscopy, product analysis and theoretical calculations. It has been observed that semisquaraine intermediates were formed as the sole products in the reaction of quinaldinium salts containing electron-donating substituents with squaric acid. However, with salts possessing electronegative and electron-withdrawing groups, the squaraine dyes were isolated in quantitative yields. The semisquaraine intermediates that have been isolated as the butyl adducts, could be converted to the squaraine dyes by reacting with the quinaldinium salts having electronegative and / or electron-withdrawing groups. These dyes exhibit absorption in the range 700-800 nm with significant molar extinction coefficients (ε = 1-3 x 10 5 M -1 cm -1 ) and hence can have potential PDT applications.
Introduction
Photodynamic therapy (PDT) is an emerging modality for the diagnosis and treatment of cancer and related diseases.
1,2 PDT involves the inactivation of living cells by the combined action of light and a chemical (photosensitizer). After intravenous injection, the tumor tissues selectively retain the photosensitizer and when exposed to light of a specific wavelength, it generates highly reactive species. These reactive species damage cellular constituents and eventually cause cell death. PDT is relatively a safer treatment since the induction of cytotoxicity ceases when the light is switched off, contrary to the conventional chemotherapy and radiotherapy. Several photosensitizers have been investigated for their use in PDT. These include, porphyrins, chlorins, benzoporphyrins, benzoporphycenes, phthalocyanins, purpurins, and aminolevulinic-acidmediated porphyrins etc. [3] [4] [5] Of these sensitizers, hematoporphyrin derivative (HpD) and its commercial variants have been approved for the treatment of various types of tumors in a number of countries. 6 However, these sensitizers have several disadvantages and hence the search for more effective sensitizers has become important in recent years. Our objective has been to explore the potential use of squaraines as photosensitizers in PDT applications. Squaraines form a novel class of dyes possessing sharp and intense absorption bands in the red to near infrared region. 7 The photophysical and photochemical properties of these dyes have been studied extensively, [8] [9] [10] [11] [12] [13] because their absorption and fluorescence characteristics make them highly suitable for a number of industrial applications. These include, as sensitizers in optoelectronic and imaging systems, 9 organic solar cells, 10 second harmonic generation, 11 sensors for metal ions, 12 and proteins. 13 However, due to the negligible intersystem crossing efficiency of these dyes, their potential as sensitizers in photodynamic therapy (PDT) has not yet been explored. We have reported earlier a few heavy atom substituted squaraine dyes, 3a and 3b based on the phloroglucinol moiety and their photophysical and in vitro photobiological properties under different conditions (Scheme 1).
14 Introduction of the heavy atoms such as bromine and iodine resulted in increased water solubility and intersystem crossing efficiency when compared to the parent unsubstituted squaraine dye 2. Triplet excited states were the main transients involved in these systems ((φ T = 0.3-0.5), which interact efficiently with molecular oxygen generating biologically highly reactive singlet oxygen in significant yields [φ( 1 O 2 ) = 0.22-0.47]. The photobiological studies indicated high photocytotoxicity of 3a and 3b with relatively little toxicity in the dark as compared to the squaraine dye 2. 15 However, the absorption exhibited by the halogenated squaraine dyes 3a and 3b (around 600 nm) is not optimum since most of the biological tissues also have significant absorption at this wavelength. Due to these reasons, the use of these compounds for the destruction of deep-seated tumors becomes difficult. This prompted us to design new sensitizers with improved photophysical and photobiological properties. We felt that quinaldine-based squaraine dyes could serve as efficient sensitizers because these dyes are expected to have absorption in the long-wavelength region (>700 nm) with high extinction coefficients (>10 5 M -1 cm -1 ). Moreover, the benzene ring of the quinaldine moiety can be suitably modified so as to improve their quantum yields of triplet excited states and cellular pharmacokinetics thereby their potential PDT applications.
Results and Discussion
Squaraine dyes are usually prepared by the condensation reaction between squaric acid and electron-rich aromatic, heteroaromatic, or olefinic compounds in a one-step reaction. [16] [17] [18] Following the same strategy, we have carried out the reaction between the quinaldinium salt 4a and squaric acid in 2:1 equivalents, respectively, in a mixture (1:1) of benzene and n-butanol (Scheme 2). Since squaraine dyes in general are brightly colored compounds with absorption in the near infrared region, we monitored the progress of the reaction by absorption spectroscopy in addition to the thin layer chromatography. No absorption band in the near infrared region was observed during the initial stages of the reaction. However, an absorption band around 485 nm was observed within 4 h of the reaction and this band increased in intensity with reaction time. The reaction mixture following work up and column chromatography after 30 h, gave the semisquaraine 5a (90%) as the major product. We assigned the species with absorption at 485 nm to the butyl adduct of the semisquaraine intermediate. Similar observations were made when the condensation reactions were carried out with the quinaldinium salts 4b and 4c, and squaric acid (Scheme 2). The reaction did not result in the formation of the corresponding squaraine dyes, instead, only butyl adducts of the semisquaraine intermediates 5b-c were isolated in 90-95% yields. 
Scheme 2
To investigate the effect of substituents on the formation of the semisquaraine intermediates, we have synthesized substituted quinaldinium salts 4d-h (Scheme 3), and monitored the dye formation reaction. The reaction of the quinaldinium salt 4d with squaric acid under analogous conditions gave the corresponding squaraine dye 6d in 85% yield through the intermediacy of the semisquaraine 5d. The absorption spectra recorded at various reaction time intervals, showed
With the objective of improving the biological uptake of these dyes, we have substituted with cellular recognition elements such as sugar and cholesterol moieties. As shown in scheme 4, the reaction of the sugar linked quinaldinium salts 4i and 4j with squaric acid under identical conditions gave the corresponding semisquaraine intermediates 5i and 5j as the major products (>80%), along with small amounts of the squaraine dyes 6i and 6j (<10%). Further, the reaction of the sugar linked semisquaraine intermediates 5i and 5j with 6-iodoquinaldinium salt (4f) in a mixture (1:1) of n-butanol and benzene led to the formation of the corresponding unsymmetrical squaraine dyes 7i-j in quantitative yields. Similarly, the condensation between squaric acid and the cholesterol linked quinaldinium salt 4k in 1:2 equivalents gave the symmetrical squaraine dye 6k in quantitative yields (85%), while the semisquaraine 5k was isolated as the minor product (<5%). The formation of the cholesterol linked squaraine dye 6k in quantitative yields indicates that the electron withdrawing appendage significantly decreases the electron donating effect of the hydroxyl group. The synthesis of the unsymmetrical squaraine dye 7k was achieved in quantitative yields from the condensation reaction of the semisquaraine derivative 5k. However, the semisquaraine intermediate 5k was prepared in quantitative yields from an independent reaction between the stable semisquaraine intermediate 5a and cholesteryl chloroformate (Scheme 5). Subsequent condensation of the semisquaraine intermediate 5k with 6-iodoquinaldinium salt (4f) gave 80% of the unsymmetrical squaraine dye 7k. 
Scheme 5
The variation in the reactivity of the substituted quinaldinium salts 4a-k in the dye reaction can be explained on the basis of the electronic effects of various substituents. Squaraine dye forming reaction involves the reaction between an electron rich aromatic derivative and squaric acid. The success of the reaction depends mainly on the nucleophilicity of the aryl species. In the present study, the nucleophile is an enamine formed from the quinaldinium salt, which reacts with squaric acid resulting in the formation of the semisquaraine. Subsequently, the semisquaraine undergoes further reaction with another moiety of the enamine to give the squaraine dye. The presence of electron-donating groups on the benzene ring of the quinaldinium salts 4a-c and 4i-j reduces the acidity of the hydrogen atoms of the 2-methyl group and thereby decreasing the formation of the enamine nucleophile. Nevertheless, the enamine formed reacts with squaric acid resulting in the corresponding semisquaraines 5a-c and 5i-j. Furthermore, the electrophilic terminus of these semisquaraines is rendered less reactive by the electron-donating substituents and hence further reaction with the less acidic salts becomes extremely difficult. As a result, the reaction stops with the formation of the semisquaraine only in the case of the salts 4a-c and 4i-j. However, in the presence of electronegative (4e,f) and electron-withdrawing substituents (4g,h), the hydrogen atoms of the 2-methyl group are relatively more acidic and thereby favors the formation of the enamine nucleophile very efficiently. These salts yield higher concentrations of the nucleophile and hence results in the formation of the corresponding squaraine dyes 6e-h in quantitative yields through the intermediacy of the semisquaraine intermediates 5e-h. Figure 1. Electrostatic potential maps of the quinaldinium salts 4a, 4d, 4h and 4k (cholesterol moiety is replaced with methyl) obtained using TITAN software. 19 Molecular modeling studies have been carried out using TITAN 19 to further understand the mechanism of dye forming reaction. We selected a few quinaldinium salts (4a, 4d, 4h and 4k; Figure1) substituted with electron-donating and withdrawing groups and two semisquaraine intermediates 5a (obtained from the least reactive quinaldinium salt) and 5h (obtained from the most reactive quinaldinium salt) for the comparison. Starting from a fully optimized geometry, the electrostatic potential was calculated. The color at each point on these surfaces reflects the interaction energy between a positive test charge at that point. Red indicates an attractive potential while blue represents a repulsive potential. The areas of red therefore indicate a "negative" region; yellow/green indicates a more neutral or "positive" region, depending on how bluish is the color. The area around the 2-methyl group in 4a is greenish in color, whereas it is quite bluish in the case of 4d, 4h and 4k. This is consistent with the fact that the acidity of the 2-methyl protons increases as the electron withdrawing power of the substituent increases, which favors the formation of the squaraine dye, as observed in the case of 4d, 4h and 4k. Similarly, in the case of the semisquaraine intermediate 5a, the squaryl ring is yellowish green in color, whereas it is strongly bluish in the case of 5h (Figure 2 ). These results confirm the fact that the presence of electron-donating substituents increases the electron density in the squaryl ring, and thereby stabilizes the semisquaraine intermediate. Therefore, a further condensation reaction between the semisquaraine having weak electrophilic termini and a weak nucleophilic quinaldinium salt becomes extremely difficult, as observed in the case of the semisquaraine intermediate 5a.
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Figure 2. Electrostatic potential maps of the representative semisquaraine intermediates 5a and 5h obtained through TITAN software. 19 To have a better understanding of potential PDT applications, we investigated the absorption and fluorescence properties of a few derivatives under different conditions (Table 1 ). The semisquaraines found to exhibit absorption in the range 450-550 nm, while highly red-shifted absorption λ max ranging from 739-751 nm was observed for the squaraine dyes. These dyes showed significant molar extinction coefficients in the range ε = 0.85 ~ 2.8 x 10 5 M -1 cm -1 and structurally similar fluorescence emission spectra with a maximum around 765 nm.
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Conclusions
In conclusion, we have demonstrated that substitution on the benzene ring of the quinaldine moiety can affect the reaction between the quinaldinium salts and squaric acid resulting in the formation of the corresponding squaraine dyes. The quinaldinium salts with electron-donating substituents hinder the formation of the dye and results only in the formation of the semisquaraine, while electronegative and electron-withdrawing substituents facilitate the formation of the corresponding squaraine dyes with the intermediacy of the corresponding semisquaraines. We have further demonstrated the synthesis of a few symmetrical and unsymmetrical squaraine dye conjugates with cellular recognition elements by making use of favorable electronic effects of substituents. These dyes show sharp and intense absorption in the long wavelength region (700-800 nm), and exhibit structurally similar fluorescence emission. Their intense absorption in the photodynamic window and the presence of cellular recognition elements such as sugar, cholesterol and heavy atoms like iodine would increase their cellular pharmacokinetics and singlet oxygen efficiency; hence these dyes can serve as efficient sensitizers in PDT applications.
Experimental Section
General Procedures. The equipment and procedure for spectral recordings are described elsewhere. 20 All melting points are uncorrected and were determined on a Mel-Temp II melting point apparatus. The IR spectra were recorded on a Perkin Elmer Model 882 infrared spectrometer. The electronic absorption spectra were recorded on a Shimadzu UV-3101 or 2401 PC UV-VIS-NIR scanning spectrophotometer. 1 H and 13 C were measured on a 300 MHz Bruker advanced DPX spectrometer. All the solvents used were purified and distilled before use. The progress of the reaction was monitored by recording absorption spectrum of the reaction mixture at various time intervals. For this 25 µL of the reaction mixture was taken out and diluted to 3 mL and recorded the absorption spectra. 16 were prepared by modifying the reported procedures.
General procedure for the preparation of quinaldines
To a refluxing solution of the corresponding aniline derivative (18 mmol) in 6N HCl (25 mL), crotonaldehyde (72 mmol) was added drop wise over a period of 1 h and refluxed for 6 h. The reaction mixture was cooled to room temperature, made alkaline using ammonia solution and was then extracted with diethyl ether. Removal of the solvent under reduced pressure gave a residue, which was subjected to column chromatography over silica gel. Elution of the column with a mixture of ethyl acetate and petroleum ether (1:9) gave the corresponding quinaldine derivatives in good yields. Preparation of 6-cyano-2-quinaldine. A mixture of 6-bromo-2-methylquinoline (600 mg, 2.7 mmol), cuprous cyanide (400mg, 4.5 mmol) and pyridine (6 mL) was heated in a sealed tube at 200 0 C for 24 h. The deep brown solution was shaken with aqueous ammonia and dichloromethane and the organic layer was washed with water. Removal of the solvent gave a residue, which was then subjected to column chromatography over silica gel. 
Preparation of 6-tetra-O-benzoyl-β-D-glucopyranose-2-methylquinoline.
To a solution of 6-hydroxyquinaldine (500 mg, 3.14 mmol.) in 15 mL of 1 M NaOH, tetrabutylammonium bromide (1.01 g, 3.14 mmol) and 2,3,4,5-tetra-O-benzoyl-β-D-glucopyranosyl bromide (2.03 g, 3.14 mmol) in 15 mL CHCl 3 was added drop wise with vigorous stirring for 3 h. The reaction mixture was diluted with 10 mL CHCl 3 , the organic layer was separated and washed with water. Removal of the solvent gave a residue, which was subjected to column chromatography over silica gel. Elution of the column with a mixture of ethyl acetate and petroleum ether (1:9) gave 20% of the quinaldine derivative, (mp 155.7, 155.3, 148.4, 146.0, 135.2, 126.1, 123.8, 120.1, 120.0, 119.0, 118.7, 118.1, 115.8, 113.2, 110.4, 96.3, 71.1, 70.9, 68.1, 61.0, 22.9 .
Preparation of 6-β-D-glucopyranose-2-quinaldine.
A mixture of 6-tetra-O-benzoyl-β-Dglucopyranose-2-methylquinoline in dry methanol and sodium methoxide was stirred at room temperature for 12 h. The reaction mixture was poured into ice water, and extracted with ethyl acetate. Removal of the solvent gave a residue, and the products were separated by column chromatography over silica gel. Elution of the column with a mixture of methanol and ethyl acetate (1: 9) 3, 156.3, 156.0, 144.7, 137.6, 129.5, 128.6, 123.7, 123.6, 111.7, 102.2, 74.6, 71.2, 62.4, 24.6, 24. 2. Preparation of 6-cholesteryl-2-quinaldine. A mixture of 6-hydroxyquinaldine (100 mg, 0.63 mmol), cholesteryl chloroformate (450 mg, 1 mmol) and pyridine (5 mL) were heated at 60 0 C for 12 h. Removal of the solvent gave a residue, which was then subjected to column chromatography over silica gel. Elution of the column with a mixture of ethyl acetate and petroleum ether (1:9) 135.4, 128.7, 125.6, 124.3, 122.3, 121.8, 121.6, 120.6, 116.6, 78.2, 70.7, 55.8, 55.7, 55.1, 49.0, 41.3, 38.7, 38.5, 35.8, 35.2, 34.8, 30.9, 30.8, 27.2, 27.0, 23.3, 22.8, 21.8, 21.5, 20.0, 18.3, 17.7, 10.8 . General procedure for the preparation of the quinaldinium salts A mixture of the corresponding quinaldine (1 mmol) and methyl iodide (4 mmol) was heated in a sealed tube at 100-105 0 C for 12 h. The precipitate formed was filtered, washed thoroughly with cold diethyl ether and subjected to column chromatography over silica gel. Elution of the column with a mixture of methanol and chloroform (1:4) gave the corresponding quinaldinium salts 4a-k in quantitative yields. 133. 8, 133.5, 130.1, 130.0, 128.9, 128.1, 125.8, 120.4, 113.2, 98.3, 73.1, 71.9, 69.0, 62.9, 41.5, 24.9 . 156.8, 146.9, 137.3, 134.1, 128.1, 127.3, 117.6, 99.7, 77.0, 76.4, 73.6, 70.7, 62.1, 40.0, 22.6 3, 151.8, 150.7, 145.6, 138.7, 130.0, 129.2, 126.0, 123.4, 120.5, 120.2, 80.1, 56.6, 56.0, 49.9, 49.1, 48.8, 48.5, 48.2, 48.0, 42.2, 40.6, 39.6, 39.3, 37.7, 36.6, 36.4, 36.0, 35.6, 31.7, 28.0, 27.8, 27.4, 24.1, 23.6, 22.4, 22.2, 21.1, 20.9, 19.0, 18.4 . General procedure for the synthesis of the semisquaraine derivatives 5a-c and 5i-k A mixture of the corresponding quinaldinium salt (0.06 mmol), squaric acid (0.06 mmol) and quinoline (0.5 mL) was refluxed in a mixture of n-butanol and benzene (6 mL each, 1:1) with azeotropic distillation of water for 24 h. The solvent was distilled off under reduced pressure to obtain a residue which was chromatographed over silica gel. Elution of the column with a mixture (1:9) of methanol and chloroform gave the semisquaraine derivatives 5a-j. For synthesizing 5k, the semisquaraine 5a (0.03 mmol), cholesteryl chloroformate (0.03 mmol) and triethylamine (1 ml) were dissolved in THF (4 mL) and stirred for 6 h at 25 ○ C. The solvent was distilled off under vacuum to obtain a residue, which was then subjected to column chromatography over silica gel. Elution of the column with a mixture (1:9) of methanol and chloroform gave 5k. 5a. 95% ( 2, 177.2, 175.4, 171.5, 155.8, 152.5, 137.4, 132.8, 127.1, 124.5, 123.0, 119.4, 111.5, 95.6, 70.8, 37.8, 31.7, 18.2, 13.5; 1, 176.3, 174.3, 170.2, 156.6, 153.3, 136.7, 126.6, 125.6, 122.8, 117.4, 109.5, 94.6, 71.9, 63.9, 37.1, 31.8, 18.2, 14.2, 13.5, 13.3; 8, 177.3, 175.4, 172.0, 156.2, 136.2,133.3, 126.1, 124.5, 123.2, 118.0, 111.4, 97.8, 71.8, 38.8, 31.5, 18.1, 13. General procedure for the synthesis of the symmetrical squaraine dyes 6e-f and 6i-k A mixture of the corresponding quinaldinium salt (0.06 mmol), and squaric acid (0.03 mmol) and quinoline (0.5 mL) was refluxed in a mixture of n-butanol and benzene (6 mL each, 1:1) with azeotropic distillation of water for 24 h. The solvent was distilled off under reduced pressure to obtain a residue which was chromatographed over silica gel. Elution of the column with a mixture (1:9) of methanol and chloroform gave the corresponding squaraine dyes. General procedure for the synthesis of the symmetrical squaraine dyes 6g-h A mixture of the corresponding quinaldinium salt (0.06 mmol), and squaric acid (0.03 mmol), tributylorthoformate (0.5 mL) and quinoline (0.5 mL) was heated in n-butanol (6 mL each, 1:1) at 60-70 0 C for 6 h. The solvent was distilled off under reduced pressure to obtain a residue which was then thoroughly washed with methanol to give the corresponding squaraine dyes 6g-h in good yields (calculated based on conversion General procedure for the synthesis of the unsymmetrical squaraine dyes 7i-k A mixture of the corresponding semisquaraine (0.06 mmol) and the quinaldinium salt 4f (0.06 mmol), and quinoline (0.5 mL) was refluxed in a mixture of n-butanol and benzene (6 mL each, 1:1) for 12 h. The solvent was distilled off under reduced pressure to obtain a residue which was chromatographed over silica gel. Elution of the column with a mixture (1:9) of methanol and chloroform gave the corresponding squaraine dye. 7i. (76% 
